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Introduction
Various carbonyls, including formaldehyde, acetaldehyde, acrolem (propenal), and methyl ethyl ketone (MEK), are known to be toxic, mutagemc and/or carcinogemc, and as a result have been identified as hazardous air pollutants (I-3) Carbonyls are also an important source of radicals in the chemistry of ozone production (4, 5) . They are directly emitted by anthropogenic and natural sources, and also are formed zn sztu as the photochemical oxidatmn products of other directly emitted organic gases (6, 7) Therefore control programs should consider both pnmary and secondary sources of carbonyls Photochemical modeling studies (8, 9) show that during summer months, photochemical production of formaldehyde and acetaldehyde can be the dominant contributor to total concentratlons of these compounds m urban air. However, the contribution from direct emissions is expected to dominate during winter months Carbonyls are both reactants and products in a variety of important photochemical processes. Photolysls of formaldehyde can be an Important source of HOx radicals (10). These radicals control the rates of VOC oxidation and NO to NO2 conversion in the atmosphere, which directly affects ozone production. Reaction of acetaldehyde with the hydroxyl radical and photolysls of acetone both form the peroxyacetyl radical, which reacts with NO2 to form peroxyacetyl mtrate or PAN (11) . PAN and its analogs are toxic to plants and are known to be eye ~rrltants (12) PAN can also act as a reservoir for NOx, allowing long-range transport of nitrogen Acetone ~s beheved to play an important role m the chemlstry of the upper troposphere, though sources of acetone are not welt characterized at this time (13) (14) (15) . Carbonyls form as oxldalion products of other VOC in the atmosphere. For example, formaldehyde, methacrolem, and methyl vinyl ketone are formed during isoprene oxldatlon (16, 17) . Concentratlons of these product species are sometimes measured to help assess the role of blogemc VOC emissions m air quahty problems (16, 17) The usefulness ofmethacrolem as a marker for oxidation ofblogenic isoprene emissions may be compromased m some cases by direct emissmns ofmethacrolem m motor vehMe exhaust (18, 19) .
Fuel combustion is a well-known direct source of carbonyl em~smons to the atmosphere (19) (20) (21) (22) (23) . Carbonyls are mtermedxate species created during fuel oxidation and will be emitted to the atmosphere if combustion is unable to go to comptetmn. Formaldehyde is typically the most abundant carbonyl an combustxon exhaust elmsslons, although acetaldehyde, benzaidehyde, the sum of tolualdehyde isomers, and acetone can each be of similar magmtude (20) Additmn of oxygenated compounds such as methyl tert-butyl ether (MTBE) and ethanol to reformulated gasoline is of special interest because these fuel changes are known to increase exhaust emissiens of formaldehyde and acetaldehyde, respectively (24, 25) . Aromatic hydrocarbons present m gasohne, especially toluene and xylenes, are known precursors to emissmns of benzaldehyde and tolualdehydes (26-28) Cycloalkanes m fuel have been shown to create more aldehydes than the corresponding aromatlc hydrocarbons, but highly branched alkenes and alkanes create the highest aldehyde emlssmns (29) Use of MTBE in California gasohne will be phased out by the end of 2002, and increased rehance on ethanol and/or alkylate (i.e, branched atkanes such as 2,2,4-trimethylpentane), and posslble changes m the aromatic content of gasohne are ant~clpated These fuel changes are hkely to affect the nature and emlssmn rates ofcarbonyls m vehicle exhaust While carbonyl emissions have been measured m previous laboratory (24, (30) (31) (32) and onroad (33-37) studies, a new analytical techmque has been described (38) that greatly increases the number of carbonyls that can be ldentzfied and quantified. This technique has been apphed recently to determine carbonyl emission factors for hght-and heavy-duty vehicles m the Tuscarora Mountain tunnel in Pennsylvama (39) The main objecUve of the present study is to measure exhaust emlsslon factors for carbonyls from Cahforma hght-duty vehlcIes. Important differences be~,een thls study and that of Grosjean et al (39) include the use of Cahforma phase 2 reformulated gasohne, more stringent new-vehicle emission standards and emission control technologies, loaded mode driving on a -4% uphill grade, and samphng in a tunnel bore with minimal heavy-duty dleseI truck influence
Experimental Section
Field Sampling Site. Measurements were made at the Caldecott tunnel, which is located spectrometry. The operating conditions and overall analytical protocol have been described in detail by Grosjean et al (38) . Absence of carbonyl breakthrough during samphng has been verified prevmusly (42, 43) . Carbonyls were positively Identified by matching the retention times, uv-vlsable absorption spectra and negatave chemacal mmzatmn mass spectra of their DNPH denvataves to those of ca. 150 carbonyl-DNPH reference standards synthesized in our laboratory (38, (42) (43) (44) . Quantatative analysxs revolved the use of response factors measured using carbonyI-DNPH reference standards (38, (42) (43) (44) . Twenty-five percent of the samples were analyzed twace, and the relative standard devaatlons (rsd) for these rephcate analyses were I-10%
for all carbonyls. All cartridges were eluted twice with acetomtnle, and no detectable amounts of carbonyls could be measured m ahquots of the second elution.
Addmonal a~r samples were collected at the tunnel entrance and exit during each 2-hour samphng period in evacuated 6 hter stainless steel camsters CO2 concentratmns an these samples were determined using gas chromatography (Perkm-Elmer, Wellesly, MA, model 8700) with thermal conductivity detector and Carbosieve II packed column (Supelco, Bellafonte, PA). Total and specaated orgamc compound concentratmns were determined from the camster samples by gas chromatography using a flame iomzation detector. Analyncal methods are described an more detail elsewhere (34, 45) . Carbon monoxide coneentratmns were momtored continuously at both ends of the tumnel using infrared gas filter correlation spectrometers (Thermo Enwronmental Instruments, Franklin, MA, model 48).
Gasoline Analysis. Gasohne sold an the Bay Area during 1999 contained 10 + 8 ppm sulfur, 8 0 ± 4 0 vol% MTBE, and 0 7 + 2.1 vol % ethanol, the total oxygen content was 1 7 + 0 6 wt% (40). Further informanon on fuel composmon was demred for this investigation, so regular and 6 premium grade hquld gasoline samples from 5 high-volume service stations in Berkeley, CA were obtained in August 1999. These stations represented the 5 major gasoline vendors m the Bay Area The detailed composition of each sample was measured by gas chromatography wlth flame lomzatlon detectmn as described previously (45) A composite fuel sample was obtained by we tghtlng the indivldual fuel sample compositions by market share. Carbonyl concentrations were measured in 3 of the 10 Bay Area gasoline samples using liquid-chromatography-mass spectrometry, as described above Two additional gasohne samples were obtained in Ventura, CA, and analyzed for the presence of carbonyls Two derlvatlzatxon protocols were used, one revolving the mjectmn of 300 I.tL of gasohne on a DNPH-coated sihca gel cartridge, and the other the reactmn of 300 gL of gasoline with a solution of acidic DNPH. In both cases, the reaction was allowed to proceed overnight (after which the carmdge was eluted) and the samples were b town down to dryness with ultra-h~gh purity N2 to remove some of the more volatile hydrocarbons and reconstituted with 2 mL acetonlmle. Two blanks were included for each derlvat~zatlon method. The recovery of DNPH derivatives using these procedures was assumed to be identical to that of DNPH (100%) m all of the samples and of the DNPH derlvatlves formaldehyde, acetaldehyde, and acetone (all at 100%) present m the blank samples Separate ahquots from each of the 3 gasohne samples were provided In glass and plastic wals and the results ~xere identical showing no preferential loss or contaminatlon of carbonyls using these vmls. Also, no contamination was found on the blanks The two protocols gave essentially the same results. Concentrations were measured for 10 carbonyls (formaldehyde, acetaldehyde, propanal, butanal, benzaidehyde, o-tolualdehyde, acetone, MEK, 2-pentanone, and an umdentlfied carbonyl whose DNPH derivative had a molecular weight of 502 g mo1-1, whlch we suspect Is a C8 &carbonyl of molecular weight 142 g mol -~. Other carbonyls tentatively identified in the gasoline samples include cyclohexanone or other isomers The absolute determination of these species was precluded by the co-elutlon of hydrocarbons from the gasohne. Future work will focus on separating the carbonyl fraction from the interfering hydrocarbons present in gasohne in order to identify and quantify more carbonyls and to compare the gasohne composition to the measured emission rates.
Results and Discussion
Carbonyl Emission Factors. Measured carbonyl concentrations at the tunnel exit exceeded those measured at the tunnel entrance by factors ranging from 1 7 to 30 for the carbonyls listed m Caldecott tunnel sampling provided 95% confidence intervals on carbonyl emissmn factors for hght-duty vehMes that were generally narrower than those determined from Tuscarora by regression analysis. In addmon to the 32 carbonyls for which emlssmn factors were determined, approximately 70 less abundant carbonyl species were detected m the samples obtained at the Caldecott tunnel. These specles are listed in Table 2 .
Carbonyl Weight Fractions and Reactivifies. The total mass of carbonyls emitted was 68 + 4 mg L I, of which formaldehyde and acetaldehyde accounted for 45 and 12%, respectively. As shown m Table 1 , other species that conmbuted more than 2% to total carbonyl mass emissions were the tolualdehydes, benzaIdehyde, acetone, the d~methyl benzaldehydes, and methacrolein.
These carbonyls together made up 86% of the total measured carbonyl mass em~ssmns
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The ozone forming potential of the quantified carbonyl emissions was calculated using the maximum incremental reactivity (MIR) scale developed by Carter (46). For the carbonyls oxobutanal, 3-pentene-2-one, unknown C5 ahphatic carbonyl, unknown C6 ahphatic carbonyls, and aromatic carbonyls except benzaldehyde and tolualdehydes, MIR values are not avallable and were estimated from structure-reactivity considerations The normahzed reactivity was determined to be 5 9 + 0 4 g 03 per g carbonyl emitted Thls value does not reflect uncertamtles m MIR values or the contributions of carbonyls hsted m Table 2 , which were not quantified Formal'dehyde emissions were responsible for 70% of carbonyl reactlvlty Other spemes that contributed more than 2% to this total were acetaldehyde, methyl glyoxal, crotonaldehyde, and methacrolem. These 5 carbonyls together accounted for 92% of the ozone forming potential of the measured carbonyls. Methyl glyoxal was emitted at low levels, but due to its high MIR value, it made a mgmficant contribution to total carbonyl reactivity. Carbonyls in Gasoline. Studies of carbonyl emissions from engines have typically assumed that all carbonyI emissions resulted from partial oxidation of other compounds present in fuel, rather than being present in the gasoline to begin with. To test the vahdity of this assumption, the concenl rations of carbonyls were measured m three Bay .Area gasohne samples. Acetone (10-161 mg L 1 or 0 001-0.022 wt %) and MEK (7-22 mg "1 or 0 .001-0 0 03 wt %) were t he most abundant carbonyls in hqmd gasohne, and 8 other carbonyls were detected and quantified. Since carbonyls have not been reported previously in liquid gasoline, two additional fuel samples were obtained in southern Cahfomla (Ventura) and analyzed for carbonyls As shown in Table   carbonyls are present in the Ventura gasoline samples at levels similar to those found m Bay Area gasohne. Though presence of carbonyls in California gasoline may be widespread, at these concentratmns, the hkely contribution of carbonyls present in gasohne to measured caf~onyl emission factors will be minor.
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